MATERIALS AND METHODS Culture of Cells. Procedures for culturing the NlE-115 neuroblastoma cell line and the DDT1MF-2 smooth muscle cell line have been described (refs. 20 and 7, respectively).
signaling in cells. A controlling mechanism for InsP3-induced Ca24 movements is suggested by results showing that the InsP3-releasable Ca24 pool is directly modified by a specific and sensitive GTP-regulated Ca2+-translocating process. By using saponin-permeabilized NlE-115 neuroblastoma cells or DDT1MF-2 smooth muscle-derived cells, InsP3 releases 30-50% of Ca24 accumulated through intracellular highaffinity ATP-dependent Ca24-pumping activity. Oxalatepromoted Ca24 uptake is reversed by InsP3, indicating oxalate permeability of the InsP3-releasable pool, which is consistent with this compartment being the endoplasmic reticulum. GTP (10 jLM) activates release of 50-70% of accumulated Ca24 from cells. In the presence of 5-10 mM oxalate, GTP induces a biphasic Ca24 flux response; initially (1-2 min) GTP induces rapid Ca2+ release followed thereafter by a profound increase in Ca2+ uptake. Thus, GTP-activated Ca2+ influx and efflux compete for Ca2 + access to the oxalate-permeable Ca2+ pool. The nonadditive effects of InsP3 and GTP suggest that InsP3 releases Ca2+ from a subcompartment of the GTP-releasable pool. Most significantly, InsP3 is observed to block the GTPactivated uptake phase in the presence of oxalate, indicating that GTP induces Ca2+ entry into the pool from which InsP3 activates release. Hence, the results provide direct evidence that loading of Ca2+ into the InsP3-sensitive Ca24 p is controlled by a GTP-regulated Ca2+-translocating mechanism. Such a process could be significant in regulating the extent and duration of the InsP3-induced Ca2+ signal, a crucial step in the inositol phospholipid signaling pathway.
The action of inositol 1,4,5-trisphosphate (InsP3) in mediating Ca2'+ release from within cells and its role in Ca2+ signaling have been widely documented (1) (2) (3) . We have characterized a highly sensitive and specific guanine nucleotide-regulatory process that activates similar rapid Ca2 + movements within cells (4) (5) (6) (7) (8) . These studies and those from other laboratories (9) (10) (11) (12) (13) (14) (15) (16) have shown this GTP-activated process to be widespread among quite distinct cell types. The mechanisms of activation of Ca2+ movements by InsP3 and GTP are clearly distinct (6, 12, 13) . The effects of InsP3 are consistent with activation of a channel through which Ca2 + ions are released into the cytosol from an intracellular Ca2+-pumping organelle, believed to be the endoplasmic reticulum (1-3, 6, 12, 17, 18) . In contrast, GTP appears to promote Ca2+ movements mediated by an enzymic GTPhydrolytic process (4-6, 9-13, 19) , perhaps resulting in transfer of Ca2' between intracellular pools (7, 8) .
The question of the relationship between InsP3-and GTP-mediated effects on Ca2+ movements is a crucial one.
In spite of the clear distinctions between the mechanisms of action of InsP3 and GTP, the original work of Dawson et al. (9, 10) suggested some connection between their effects. Our studies have indicated (7) overlap may exist between the pools of Ca2+ sensitive to the two agents. We have also shown that the effect of GTP on Ca2+ movements is dramatically reversed in the presence of oxalate, resulting in rapid accumulation rather than release of Ca2+; the two GTP-induced Ca2+ fluxes have identical guanine nucleotide specificity and sensitivity indicating that both are activated by the same GTP regulatory process (8) . These and other observations were interpreted as indicating that GTP induces a translocation of Ca2+ ions between discrete intracellular compartments distinguished by their permeability to oxalate (7, 8) Permeabilization of Cells. The procedures for permeabilization of both cell types were as described (4, 5, 20) . Briefly, suspensions of NiE-115 or DDT1MF-2 cells (2 x 106 cells per ml) were treated with 0.005% saponin for 10 min at 37°C and then thoroughly washed in saponin-free uptake medium (see below). After permeabilization, cells were gently stirred at 4°C before use.
Ca2 -Flux Experiments. Ca2+-flux measurements were conducted as described (4) (5) (6) (7) 20 3% (wt/vol) PEG, EGTA to buffer free Ca2`to exactly 0.1 uM, and any effectors mentioned in the figures (GTP, InsP3, or the Ca ionophore A23187). Aliquots (lOO-pl) were removed from the stirred cell-suspension (final volume, 1.5 ml), diluted immediately into 3 ml of uptake medium containing 1mM LaCl3, rapidly vacuum-filtered, and washed. Mitochondrial inhibitors were not added since there is a negligible mitochondrial component of uptake at 0.1 ,uM free Ca2 (20) . Passive Ca2+ equilibration was assessed with 5 ,tM A23187. Previous experiments had been conducted with high concentrations of free Ca2" ,uM) permitting a larger sustained oxalate-mediated Ca2`accumulation (7, 8, 20) . However, since at or above 10 ,uM Ca2" the action of InsP3 is completely abolished (6, 12, 13) , the present studies on InsP3-induced Ca2' movements in the presence of GTP and oxalate were made possible by maintaining low, approximately physiological, free Ca2" levels (0.1 ,uM).
Materials and Miscellaneous Procedures. Purified InsP3
was generously provided by Robin Irvine (Cambridge, England). Free Ca2+ levels were computed as detailed (21) . All other miscellaneous procedures and materials were as described (7) . RESULTS Our characterization of the effects of guanine nucleotides on intracellular Ca2+ movements showed that addition of GTP alone induced a rapid efflux of up to 70% of the Ca2+ in permeabilized cells (4) (5) (6) (7) . In contrast, GTP in the presence of oxalate induced a similarly rapid uptake (as opposed to release) of Ca2+ as we have reported (7, 8) . In spite of the opposing nature of these two GTP effects, both were clearly manifestations of the same process. Thus, the guanine nucleotide specificity and sensitivity of the two effects were almost identical, and the Km values for GTP for Ca2 + release and uptake in the absence and presence of oxalate were 0.75 and 0.9 ,uM, respectively (4, 8) . Moreover, both GTP effects were promoted by 1-3% PEG (although still clearly observable without PEG), a condition that was shown to favor induction of close appositions between membranes (7). Based on these observations, we proposed that GTP induces a translocation of Ca2 + between compartments that differ according to oxalate permeability (8) . In the following studies, we used the opposing actions of GTP in the presence of oxalate to identify some important characteristics of the InsP3-inducible pool and its relationship to the movements of Ca2+ induced by GTP.
Reversal of Oxalate-Mediated Ca2" Uptake by InsP3. A major initial objective was to determine whether the organelle from which InsP3 released Ca2+ was permeable to oxalate. In permeabilized DDT1MF-2 smooth muscle and NlE-115 neuroblastomna cells, InsP, in the absence of oxalate reduced Ca2`uptake by 50 and 30%, respectively ( Fig.  1 A and C) , effects consistent with the extent of Ca2+ release observed following InsP3 addition of Ca2+-loaded cells (4) (5) (6) . We have shown (7) that the limited extent of InsP3-induced Ca2-+ release reflects discrete compartments of sequestered Ca2+ rather than metabolism of InsP3. In the presence of oxalate a sustained increase in the rate of ATP-dependent Ca2+ accumulation was observed ( Fig. 1 B  and D) , consistent with formation of insoluble calcium oxalate and, hence, a reduced rate of Ca2" efflux (8, 20 (Fig. iD) ; hence in these cells, whereas InsP) did release Ca2+ from an oxalate-permeable pool, a small fraction of this pool may be unresponsive to InsP3. It is well-established (22) (23) (24) (25) that the endoplasmic reticulum membrane is permeable to anions including oxalate, hence permitting clearly observable precipitation of Ca2+ within the endoplasmic reticulum lumen when oxalate is presented intracellularly. Entry of anions into the endoplasmic reticulum is probably mediated through a nonselective anion transporter analogous to that of the muscle sarcoplasmic reticulum membrane (26) . Thus, these data, while not providing definitive proof, are consistent with the hypothesis that the source of InsP3-mobilizable Ca2+ is the endoplasmic reticulum or a subcompartment thereof.
Competition Between GTP-Activated Ca21 Movements in the Presence of Oxalate. The effects of InsP3 on Ca2 + movements in the presence of oxalate described above are in contrast to those mediated by GTP, as shown in Fig. 2 . When present from the beginning of uptake, GTP induced two opposite and apparently competing effects on Ca2+ movements providing an important insight into its likely mechanism of action. In the absence of oxalate, GTP, like InsP3, opposed Ca2e accumulation ( Fig. 2A) (4) (5) (6) . In the presence of 3 mM oxalate, whereas control Cai 2 +uptake was slightly enhanced, the releasing effects of GTP were still dominant (Fig. 2B ). However, with higher oxalate concentrations the effectiveness of GTP at later times became strikingly altered. Thus, with 5 mM oxalate (Fig. 2C) , the effect of GTP was clearly biphasic, inducing initially (over the first 2 mmn) a reduction in uptake similar to that without oxalate, followed, thereafter, by a sustained increase in the rate of uptake. With 10 mM oxalate, the two effects were clearer still, initial GTP-induced release rapidly changing to a profound increase in the rate of uptake that considerably exceeded that observed in the absence of GTP (Fig. 2D) . As discussed below, these results are interpreted as representing two opposite GTP-activated fluxes of Ca2+ that compete for Ca2+ accumulation within a single oxalate-permeable pool. It was important to ascertain whether the rate of onset of GTP-enhanced Ca2+ uptake was limited by build-up of Ca2 + or equilibration of oxalate within the cells. Experiments suggested the former since a similar delay in the onset of GTP-enhanced uptake was still observed after preequili- Oxalate, GTP, and A23187 were all added to incubation vials at zero time.
bration of cells with oxalate prior to Ca2+ uptake (data not shown), whereas GTP induced an immediate uptake of Ca2 + when added to cells loaded with Ca2+ in the presence of oxalate (8) .
InsP3-Induced Reversal of GTP-Activated Ca21 Uptake. In spite of the clear distinctions between the mechanisms by which InsP3 and GTP activate Ca2+ movements (6) , the following data establish a link between the actions of the two effectors. The data shown in Fig. 3A from permeabilized NlE-115 neuroblastoma cells reveal that the effects of InsP3 and GTP on Ca2+ release in the absence of oxalate are nonadditive. Thus, whereas maximally effective concentrations of InsP3 and GTP reduced uptake by -30 and 60%, respectively, the simultaneous presence of InsP3 and GTP induced little further effect relative to that of GTP alone. Whereas the sizes of InsP3-and GTP-releasable pools were a little larger in the DDT1MF-2 smooth muscle cell line (=50 and 70% of total Ca2+, respectively), similar nonadditivity was observed. These observations are consistent with our results on Ca2 + efflux (7) and indicate that two releasable compartments of Ca2 + exist, one sensitive to both InsP3 and GTP, the other sensitive only to GTP. The implication is that the larger GTP-releasable pool contains within it a subcompartment releasable also by InsP3. When conducted in the presence of oxalate, the biphasic effect of GTP on Ca2" uptake was again clearly observed (Fig. 3B) . Most importantly, the GTP-induced enhanced Ca2+ uptake phase was almost completely abolished when InsP3 was added with GTP indicating that InsP3 released Ca2" from the same pool into which GTP activated Ca2" accumulation. Essentially identical results were obtained with permeabilized DDT1-MF-2 smooth muscle cells. It should be noted that InsP3 did not block the effects of GTP per se, since Ca2+ accumulation was reduced to a level well below that induced by InsP3. Thus, it may be inferred that, whereas InsP3 prevents the additional accumulation of Ca2" activated by GTP, it in fact permits the Ca2+-releasing effects of GTP to dominate. These results provide direct evidence for the operation of both GTP-and InsP3-activatable Ca2+-transport mechanisms on the same pool of Ca2'. Most significantly, they suggest that loading of Ca2 + within the InsP3-sensitive pool may be controlled by the GTP-activated Ca2+-translocation process.
DISCUSSION
We have suggested (8) that the induction of increased Ca2 + uptake by GTP in the presence of oxalate results from a GTP-induced "conveyance" of Ca2+ from an oxalate-impermeable Ca2+-pumping organelle to one that is oxalatepermeable. In contrast GTP-activated Ca2`release (without oxalate) was assumed to reflect a similar translocation event occurring instead between an intact Ca2+ -pumping compartment and a nonintact membrane surface, perhaps the plasma membrane (8) . The data given in Fig. 2 provide evidence for direct competition between GTP-induced Ca2+ efflux and influx within a single Ca2+ -sequestering oxalate-permeable compartment. The following is an interpretation of the observed GTP effects (depicted diagrammatically in Fig. 4) . The competing GTP effects can only be observed when GTP FIG. 4 . Proposed scheme for the movements of Ca2" induced by GTP and InsP3 (IP3). The model proposes that separate ATPdependent Ca2"-pumping compartments exist that are distinct with respect to both IP3 releasability and oxalate permeability and that GTP mediates Ca2+ translocation between such compartments perhaps through activation of intermembrane junctional processes. It is further proposed that GTP-activated Ca2+ release occurs through the same mechanism except involving interactions between the surfaces of closed and nonenclosed membranes. As described (4) (5) (6) (7) , the effects of GTP on both uptake and release of Ca2" are promoted by low concentrations of PEG [1-3% (wt/vol)] that also promote the formation of close appositions between membrane surfaces (7); however, PEG is not essential, and the same GTPactivated Ca2" movements are still observed without PEG (6, 8) .
Details of the evidence indicating the site of action of IP3 and the proposed mechanism of GTP in this scheme are described in the text. Further evidence for the action of GTP in this model is provided in refs. 7 and 8.
is added at the start of Ca2" uptake since at early time points insufficient Ca2+ is present within the oxalate-permeable pool to precipitate Ca2"; at this stage GTP is presumed to induce Ca2" efflux by way of open membrane connections.
As the internalized Ca2+ concentration increases due to pumping, and in the presence of sufficient oxalate, the threshold for calcium-oxalate precipitation is approached resulting in enhanced Ca2 + accumulation. It is assumed that precipitated Ca2 + cannot be translocated by the GTPactivated process, and hence release through open membrane connections no longer occurs. The much larger amount of oxalate-dependent Ca2 + accumulation induced by GTP reflects GTP-mediated access of Ca2+ from another Ca2+ -pumping tool that is presumed to be oxalate-impermeable (8) .
This scheme accounts for all the observed effects of GTP and oxalate on Ca2+ movements. Alternative schemes invoking direct effects of GTP on Ca2`pumping or GTPenhanced movements of oxalate are inherently unlikely, since they do not account for rapid GTP-mediated Ca2`release. In fact GTP-mediated Ca2+ release occurs in the presence of vanadate and in the absence of ATP (8) . Also, Hamachi et al. (14) described similar GTP-enhanced uptake of Ca2' with oxalate; although no explanation was offered for the effect, direct experiments revealed no effect of GTP on oxalate movements. Our scheme envisages that GTP activates Ca2t ranslocation between pools through junctional connections between membranes. Support for such a model is derived from a number of observations including the actions of PEG that at 1-3% (wt/vol) is effective in promoting GTP-activated Ca2 + movements and inducing the formation of close appositions between membranes (7, 8) . A report from Dawson et al. (11) suggested that Ca2+ movements may arise through a GTP-induced membrane fusion process; on the other hand, observations we have since reported on the reversibility of the effects of GTP and on electron microscopic structural analysis of microsomal membranes treated with GTP militate against simple GTP-activated membrane fusion (7) . Although GTP hydrolysis is clearly implicated in GTP-activated Ca2t ranslocation (4, 6) , it is presently unclear whether terminal phosphate is transferred to water (as in a GTPase reaction) or whether a kinase-mediated mechanism transfers phosphate to another substrate molecule. Evidence for the former was presented by Nicchitta et al. (19) , whereas evidence for a GTP-induced protein phosphorylation possibly associated with Ca2" release was presented by Dawson et al. (10) .
Based on several important conclusions drawn from the data given in Figs. 1 and 3 , the above scheme for the effects of GTP can be extended to encompass the action of InsP3. First, from Fig. 3A and earlier data (7), it appears that the InsP3-releasable Ca2+ pool is both smaller than and contained within the GTP-activatable pool. Second, as shown in Fig. 1 , the pool from which InsP3 induces release is itself permeable to oxalate. Third, and most significant, this InsP3-releasable Ca2 + pool is indeed the same pool that can be loaded with Ca2 + through the GTP-induced Ca2 + -translocating process, as shown in Fig. 3B . These observations suggest that the InsP3-releasable Ca2+ pool is the oxalate-permeable subcompartment of the GTP-activatable pool, as depicted in Fig. 4 Direct reversal of the effect of GTP by InsP3 provides a strong argument that both InsP3 and GTP can act upon a common Ca2 + pool. Such conclusions are reminiscent of our earlier "flux reversal" studies that provided proof for the coexistence of specific plasma membrane transport mechanisms in a single population of synaptic membrane vesicles (27, 28) . The most significant implication of the scheme in Fig. 4 is that a close interrelationship likely exists between the actions of InsP3 and GTP. We have speculated (8) We are very grateful to Dr. Robin Irvine for supplying high-purity InsP3 and Drs. James Norris and Lawrence Cornett for providing us with the DDT1MF-2 smooth muscle cell line. This work was supported by Grant NS19304 from the National Institutes of Health and Grant DCB-8510225 from the National Science Foundation.
